We have investigated the topogenic rules of multispanning membrane proteins using erythrocyte band 3. Here, the fine structural requirements for the correct disposition of its second transmembrane segment (TM2) were assessed. We made fusion proteins where TM1 and loop sequence preceding TM2 were changed and fused to prolactin. They were expressed in cell free system supplemented with rough microsomal membrane, and their topologies on the membrane were assessed by protease sensitivity and N-glycosylation. TM1 was demonstrated to be a signal-anchor sequence that mediates translocation of the following portion and thus TM2 should be responsible to halt the translocation to acquire TM topology.
Summary
We have investigated the topogenic rules of multispanning membrane proteins using erythrocyte band 3. Here, the fine structural requirements for the correct disposition of its second transmembrane segment (TM2) were assessed. We made fusion proteins where TM1 and loop sequence preceding TM2 were changed and fused to prolactin. They were expressed in cell free system supplemented with rough microsomal membrane, and their topologies on the membrane were assessed by protease sensitivity and N-glycosylation. TM1 was demonstrated to be a signal-anchor sequence that mediates translocation of the following portion and thus TM2 should be responsible to halt the translocation to acquire TM topology.
When the loop between TM1 and TM2 was elongated, however, TM2 was readily translocated through the membrane and not integrated. For the membrane integration of TM2, TM2 must be in close proximity to TM1. The TM1 can be replaced with another signal-anchor sequence with long hydrophobic segment, but not with signal sequence with shorter hydrophobic stretch. The length of the hydrophobic segment affected final topology of TM2. We concluded that the two TM segments work synergistically within the translocon to acquire the correct topology and that the length of the preceding signal sequence is critical for stable transmembrane assembly of TM2. We propose that direct interaction among the
Introduction
The rough endoplasmic reticulum (ER) is the site of the integration of membrane proteins of the endocytotic and exocytotic pathways. The majorities of those are integrated cotranslationally into the ER membrane and take their final topological form. In the initial steps of the cotranslational process, the signal sequences emerging from the ribosomes are recognized by signal recognition particle (SRP)
(1) and the nascent chain-ribosome-SRP complex is targeted to ER. The signal sequences are released from SRP by SRP receptor and then are secondly recognized by the translocon (2) . The translocon composed of the Sec61p-complex is responsible for the integration of the growing polypeptide chain into the membrane (3) . Once targeted to ER, the ribosomes do not detach from the membrane even while they are synthesizing the cytoplasmic domains of membrane proteins (4) .
The membrane topology of the nascent polypeptide is determined by certain sequences which have been called the ˆtopogenic sequences˜ (5) . Type I signalanchor (SA-I) sequence which initiates the translocation of its amino-terminal portion and shows N exo /C cyt orientation; signal peptide (SP) and type II signalanchor (SA-II) sequence both of which mediate the translocation of their following portion in the N cyt /C exo orientation (6, 7) . SP is cleaved by signal peptidase in the ER lumen. The SA-II sequence is not cleaved to eventually become the membrane anchoring domain. These signal sequences are composed mainly of hydrophobic segment (H-region). Statistically, major differences between SP and SA sequences are the signal-peptidase cleavage site and the length of the H-region. The Hregions of signal-anchor sequences (17-27 residues) are longer than those of SP (7-14 residues) (8) . The function for the ER targeting of signal sequences are primarily specified by the H-region and their orientation in the membrane are affected by its flanking sequence (7, 9) . For instance, the positively charged residues -3-in the amino-terminal flanking sequences suppress the translocation of the aminoterminal domain and thus resulted in the N cyt /C exo orientation of the H-region.
The tight and rapid folding of the amino-terminal domain also inhibits the translocation of the amino-terminal domain (10) .
The ongoing translocation of polypeptide chain through the translocon is interrupted by a stop-transfer (St) sequence which eventually becomes a transmembrane (TM) segment. In a simple case of a type I transmembrane protein, the amino-terminal SP initiates the translocation of the extracellular domain, and the following TM segment thereafter interrupts the ongoing translocation. The St function is also primarily determined by the hydrophobic segment and is enhanced by the positively charged residues in the following region (11) .
In multispanning membrane proteins in which various polypeptide segments span the lipid bilayer, some TM segments possess sufficient hydrophobicity to exert the topogenic functions described above, while the others are not hydrophobic enough to exert signal and stop-transfer function (e.g. see ref.
(12,13)). Thus, not only simple combinations of topogenic sequences but also some variations should be considered as follows. In the simple and classical mode, after the amino-terminal signal sequences targets the ribosomes to ER, TM segments show alternative functions of either "start-translocation" or "stop-translocation" (3, 14) . If a previous sequence is either SP or SA-II, the following TM segments should interrupt the ongoing translocation. From a systematic examination, these functions require hydrophobicity of the segments (11, 15, 16) . In the second mode, the internal SA-I sequence forces its previous segment to form the transmembrane topology (17) . Even the hydrophilic segment can achieve a transmembrane disposition via this mode. The third mode has been suggested to allow for the integration of TM segments with insufficient St-activity; e.g. when TM2 of band 3 was placed far from the preceding signal sequence (TM1), the TM2 segment was -4-by guest on November 6, 2017 http://www.jbc.org/ Downloaded from translocated through the membrane by more than 50% (12) . The TM6 of cystic fibrosis transmembrane conductance regulator is in the stop-transfer context, but it is not hydrophobic and cannot interrupt the movement of the polypeptide chain through the translocon (13) .
In this paper, we defined the membrane topology of the amino-terminal two TM segments of the human erythrocyte band 3 and attempted to clarify the structural requirements for the integration of TM2 with a low St function. TM2 is integrated in the membrane only when TM2 is located near the preceding SA-II sequence and when the preceding signal sequence possesses a long H-region. We therefore propose a novel mode for the integration of TM segments with weak topogenic functions.
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EXPERIMENTAL PROCEDURES

Constructions of model proteins
PCR amplification was carried out with oligonucleotide primers that included appropriate restriction enzyme sites (the sites are indicated in parentheses). The obtained DNA fragments were digested with the restriction enzymes, and then ligated with plasmids digested with appropriate restriction enzymes. Site directed mutagenesis was performed by the method of Kunkel (18) . All the mutants were screened by restriction enzyme mapping and confirmed by DNA sequencing. The sequences of oligonucleotides used and full construction details for each plasmid are available from the authors.
(i) Reporter fusions (Fig. 1) . The DNA fragments coding for the human band and mature prolactin [+10 (1M-40N, NcoI/EcoRI), +25 (1M-55V, NcoI/EcoRI), +50 (1M-80F, NcoI/EcoRI), +100 (1M-127H, NcoI/EcoRI), +200 (1M-229C, NcoI/MunI)], and the DNA fragment (EcoRI/XbaI) for TM2 and the gPL domain were ligated on pCITE2b (NcoI/XbaI). For the SA-II constructs, The DNA fragment (NcoI/XhoI) for 1M-30L of dipeptidyl peptidase IV (19) was used in the procedure (ii) instead of the TM1 fragment. For the construction of cleavage mutants of the signal sequences, the cleavability was predicted by the method by Nielsen et al (20) . The H-region of the uncleavable mutant of SP(+10) construct was elongated as indicated in Fig. 5 .
In vitro translation and topology assay
Both the in vitro transcription and translation were carried out essentially as described previously (21) . One µg of plasmid was linearized with ScaI, and then was transcribed with T7 RNA polymerase at 37ÚC for 60 min. The translation system contained 33% reticulocyte lysate, 110 mM KCl and 1. Quantification was performed using MacBAS software (Ver. 2.5.2, Fuji).
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Results
Topogenic Function of the TM1-2 Region
The major objective of this work is to explore the topogenic rule that explains the integration of the band 3 TM2. Band 3 is a major integral membrane protein of erythrocyte and possesses anion exchange activity (23) . The amino terminal half of about 400 amino acid residues is a large cytoplasmic domain which is responsible for binding with the cytoskeleton. The following membrane domain of about 400 amino acid residues possesses more than ten TM segments (24) . The individual stop-transfer functions of all anticipated TM segments of band 3 were assessed in vitro by using model proteins in which each TM segment was positioned 200 residues from the amino terminal SP (12) . In this context, the TM2 segment of the synthesized polypeptides were more than 55% translocated through the membrane, while other TM segments in the stop-transfer context (e.g. TM4, TM6, and TM8) efficiently acquired transmembrane disposition.
( Fig. 1) To clarify the topogenic properties of the TM1-TM2 region, we made a series of fusion proteins, in which a reporter domain (gPL) was fused to carboxyterminus of various portions of band 3 membrane domain started from 375Thr
( Fig. 1A and B) . The reporter domain is an entire bovine prolactin (gPL) which possesses an in-frame termination codon and mutation (T90N) to create a glycosylation site (Fig. 1, B) . The translocation of the reporter domain across the ER membrane can be monitored either by its glycosylation or by its resistance against proteinase K. These constructs were translated in vitro in the absence or presence of RM (Fig. 1C) . When translated in the presence of RM, the membrane vesicles were isolated by high salt floatation, which can exclude polypeptides that had not -9- These data of glycosylation and resistance against the ProK indicated that the gPL domain of the membrane targeted 420A construct was efficiently translocated across the membrane (Fig. 1, A, case a and b) . The smaller band observed after the EndoH treatment is highly likely to be resulted from processing by signal peptidase (case b), although other proteases in the ER lumen might be involved in the partial degradation. Anyway it is clear that the reporter domain of membrane targeted polypeptide was completely translocated across the membrane.
The constructs from 427L to 448G gave similar result to those obtained with 420A construct. They were glycosylated at the reporter domain and the membrane-bound polypeptides were almost completely resistant to proteinase K indicating that the reporter domains of membrane˘targetted polypeptides were efficiently translocated across the membrane (Fig. 1B, case a and b) . In the -10- EndoH(+) lanes of all these constructs, double bands were noted, demonstrating that the polypeptide in the membrane fraction was processed by signal peptidase or other unknown protease in the ER lumen (case b). As the created glycosylation site in the reporter domain was efficiently glycosylated as shown in the following experiments ( Fig. 2 and 3) , we can assume that 50% (on average) of the translocated polypeptides were processed. These data demonstrated that the TM1 segment possesses sufficient property of SA-II sequence, and these findings were consistent with those of previous reports (12, 25) .
In contrast, the longer constructs (457Q and 466G) that included TM1 and whole TM2 gave only trace amounts of a glycosylated and proteinase K resistant bands (Fig. 1C, lanes 26-32) , although they efficiently recovered in the membrane fractions by more than 70% (lanes 26 and 30) . Alkali extraction experiments also demonstrated these constructs to be tightly associated with the membrane (data not shown). Little processing by signal peptidase was observed with these constructs (lanes 27 and 31). It is highly likely that the processing site is inaccessible to the peptidase as the TM2 interrupts the translocation. Taken together, we concluded that, in the original context, the TM2 segment efficiently interrupts the translocation which is initiated by TM1 and stably anchored in the membrane (Fig. 1C, case c) . However, the question remains as to how the TM2 segment interrupts the translocation in the original context.
Loop Length Affects Topology of TM2
The polar sequence connecting TM1 and TM2 is only eleven residues long (429Glu-439Glu). To examine the effect of the loop length on the disposition of TM2, we constructed a series of model proteins in which the hydrophilic sequences from mature prolactin were inserted between L427 and G428 ( Fig. 2A) . These fusion proteins involve band 3 sequence from 375Thr to 457Gln, indicated spacers -11- (shaded bars), and the reporter domain (gPL). When the spacer was ten residues (+10) giving rise to a final loop length of 21, trace amounts of glycosylated and proteinase K resistant forms were observed as observed with 457Q construct (Fig.   2B, lanes 6 and 8) . It is thus indicated that the TM2 was integrated in the membrane and almost all the reporter domain of membrane-bound polypeptide was on the cytoplasmic side of the membrane (C, case a). In contrast, the +200 construct was glycosylated by 55% and became proteinase K resistant (lanes 10 and 12) . The glycosylation was confirmed by EndoH treatment (lane 11). In this case, the partial processing of the translocated domain observed in the figure 1 was not observed probably due to the difference of amino acid sequence at the junction. Since the proteinase K-resistant band was almost completely glycosylated (lane 12), it is thus reasonable to assume that the glycosylation efficiency of the translocated gPL domain is nearly 100%. As the EndoH treatment gave no processed form, the translocation of TM2 and reporter domain of these constructs can be simply estimated by the extent of the glycosylation. Thus, the TM2 segment of 55% membrane-bound +200 construct were did not acquire transmembrane disposition but instead were translocated into the lumen (C, case c), while the TM2 segment of only 45% polypeptide were integrated and left the reporter domain on the cytoplasmic side (C, case b). The efficiencies of glycosylation of gPL domains depend on the loop length (Fig. 2D) ; namely population of polypeptide with membrane-integrated TM2 decreased as the inserted sequence becomes longer.
These results suggest that TM2 should be near the preceding TM1 to be integrated in the membrane. To examine whether or not TM1 is a unique partner for TM2 integration, we made two series of constructs, in which the TM1 of the constructs in Fig. 2 was replaced with either SP of pre-prolactin or SA-II sequence of dipeptidyl peptidase IV (Fig.   3A ). In the case of the constructs with +10 insertion, the products of the SP version were 48 % glycosylated, while the SA-II version was glycosylated by only 20% (Fig. 3B, lanes 1-4 vs. 9-12 ). In contrast, both versions of the constructs with +200 insertion were efficiently glycosylated and gave proteinase K-resistant forms (lanes 5-8 and 13-16 ). The proteinase K resistant forms were efficiently glycosylated, thus indicating again that the glycosylation efficiency of the membrane bound form should be expected to be a good index of the translocation (namely failure of membrane integration) of the TM2 segment. Result obtained with various constructs showed that integration of the TM2 segment of SA-II versions strongly depended on the loop length (Fig. 3C) . In contrast, integration of the SP versions were at low level even when SP was in the proximity of TM2.
These results demonstrate that the another SA-II can mediate the integration of TM2 when it is located in the proximity of TM2, but the SP was inefficient for TM2 integration. (Fig. 3) 
Length of SA-II Is Critical for TM2 Integration
The preceding signal sequence seems to be one of the determinants of TM2 integration. Based on differences between the SP and SA-II sequences, we then examined the effects of (i) accessibility to the signal peptidase and (ii) the length of H-region. Firstly, cleavage mutants of the +10 version constructs were made ( ( Fig. 4) The length of the H-regions of SP and SA-II sequence are clearly different (Fig. 5A) ; the H-regions of signal-anchor sequences (17-27 residues) are longer than those of signal peptides (7-14 residues) (8) . To address this effect on the TM2 integration, we inserted the residues of alanine and leucine into the H-region of SP(UC) (B). By the mutagenesis, the translocation of TM2 decreased according to the number of inserted residues (C), while membrane anchoring was not affected (not shown). The mutant with an insertion of six alanine residues (+6A) showed a -14- 
Discussion
The extent of the TM2 integration depends on the loop length between TM1 and TM2. When the loop preceding TM2 was elongated, the TM2 segment tends to be translocated through the membrane (Fig. 2) . In contrast, TM2 is integrated in the membrane in the original context where it is located in close proximity of TM1 (Fig.   1 ). There should be novel rules for maintaining the transmembrane topology of TM2 that possesses such a low stop-transfer activity (only 40-45%). A simplest explanation of this fact is that when the loop is long, TM1 leaves the translocon and no longer takes part in the integration of TM2 (Fig. 6) . Mothes et al. demonstrated that a preceding TM segment encounters membrane lipid even when the ribosome synthesizing the nascent polypeptide is still on the membrane (4). The alternative explanation for the dependency of the loop-length is that chaperon like factors in the lumen may exert some effect as the loop becomes longer, since BiP (Kar2p) is known to show a molecular ratchet function in the posttranslational protein translocation of the yeast ER system (26) . However, TM2 of SP version constructs was translocated through the membrane even when the loop was short (Fig. 3) . It is thus likely that such pulling forces, if they make any contribution at all, are not a major determinant of the fate of TM2 investigated here. (Fig. 6) Upon entering into translocon, TM2 appears to directly interact with the preceding TM1 in the original context. What kind of interactions should be operative? The interaction is not sequence specific, but depends on the length of the H-region of the preceding signal sequence (Fig. 3 and 5) . Some hydrophobic packing between the two polypeptide chains may play a role in this process. Such interaction is comparable to the hydrophobic interaction which is frequently -16-observed in folding intermediates of soluble proteins (27) . SP did not effectively support the integration of TM2. The H-region is most likely too short to fully interact with TM2. It is also possible that this fact could reflect the positions of signal sequences within the translocon. It has been demonstrated that a signal peptide with a short H-region is positioned differently from the signal-anchor with long H-region (8) . The long H-region of SA-II in the translocon is more accessible to the membrane lipid than SP with a short H-region (28) .
We therefore propose that closely located TM segments in multispanning membrane proteins cooperate in the translocon in order to establish the final membrane topology via somewhat direct interaction as indicated in the working model (Fig. 6 ). Hydrogen bonding and ionic bonding, in addition to hydrophobic interaction should mediate specific recognition and stabilize some internal TM segments (29) . Actually, the TM2 segment in the band 3 molecule was readily extracted by protease treatment after the alkaline denaturation of erythrocyte membrane (30) . From this observation, it has been proposed that the some hydrophilic interaction stabilizes the TM2 in the membrane (31, 32) In contrast, TM2 of +200 constructs was translocated across the membrane by 55% 
